A measurement of the production of ultracold neutrons from velocity-selected cold neutrons on gaseous and solid deuterium targets is reported. The expected energy dependence for two-particle collisions with well defined neutron and Maxwell-Boltzmann distributed molecular velocities is found for the gas target. The solid target data agree in shape with the phonon density-of-states curve and provide strong evidence for the phonon model including multiphonon excitations.
The strong interaction of slow neutrons with matter can be described in a neutron optics picture using a material dependent index of refraction [1] [2] [3] or using material potentials that are easily calculated from the nuclear density and the coherent scattering lengths via the Fermi pseudopotential [4] . Most materials exhibit repulsive wall potentials, e.g., Al (50 neV), Be and Ni (250 neV), diamond (300 neV), and solid deuterium ( 2 H 2 , 100 neV). Because of lower densities, potentials of gases are usually much smaller, e.g., 1 neV for gaseous 2 H 2 at atmospheric pressure and 25 K. Neutrons with kinetic energies below such material potentials can be trapped in vacuum inside matter vessels. These neutrons are referred to as ultracold neutrons (UCN) and are used in fundamental physics experiments, such as the search for a neutron electric dipole moment or measurements of the neutron lifetime. Stored UCN behave similarly to a gas with milli-Kelvin temperatures (in mechanical equilibrium) but with a strong influence from gravity (100 neV=m). For reviews on UCN physics the reader is referred to [5, 6] .
Most UCN experiments require considerably more intense sources than are available today. Present efforts for improvements [7] follow two main directions: UCN production in either superfluid helium [8] or solid 2 H 2 . The potential of solid 2 H 2 as a good cold neutron (CN) moderator and UCN converter was recognized more than 20 years ago [9] [10] [11] and has been demonstrated in test experiments over the past years [12 -14] . A suitable 2 H 2 UCN converter has low temperature to avoid thermal upscattering and high ortho 2 H 2 concentration (c o ) in order to avoid upscattering on para 2 H 2 [15] . Recently, the relevant slow neutron cross sections of gaseous, liquid [16] , and solid 2 H 2 [17] have been measured, as well as the integral UCN production cross section from a cold neutron beam [18] .
Only in the case of 2 H 2 gas is there a rigorous solution for the double differential cross section by Young and Koppel (Y-K) [19, 20] . Solid 2 H 2 requires a rather different approach because of the material structure. For solid 2 H 2 , the temperature dependence of UCN lifetimes [13] , the total scattering [17] and UCN production cross sections [18] were well described by a simple theoretical model [10, 11] in which one calculates the downscattering of cold neutrons via phonon creation in solid 2 H 2 ; see [21] [22] [23] . Including multiphonon excitations in the calculation improves the agreement with the measured 2 H 2 temperature dependence of the UCN production [18] . Although the agreement between experiment and calculation is remarkably good, the phonon model's ability at predicting the double differential cross sections, particularly in the regions specific to UCN production, has not really been tested.
The downscattering of CN into UCN via phonon creation in solid deuterium and using the incoherent approximation is calculated following [22] ; compare also [24] :
Because
. We use the character- 
is the average of the square displacement of 2 H 2 in the lattice over the normalized phonon density of states g". With g 1 " g", the multiphonon contributions are calculated via g n "
The density of states can be represented by either a simple Debye spectrum or a more realistic phonon spectrum [11, 25] . For the Debye model, g" [26] . In order to compare with measurements, Eq. (1) is integrated over the incident CN spectrum and the relevant UCN spectrum [27] .
In order to improve understanding of the underlying processes, we have measured the UCN production from gaseous and solid 2 H 2 targets using a velocity-selected CN beam. The experiment was performed on the CN beam line for fundamental physics (FUNSPIN) [28] at the Swiss spallation neutron source SINQ. A schematic diagram of the experimental setup is displayed in Fig. 1 . The cryogenic and UCN parts were similar to the ones used in [18] , using the same 2 H 2 gas system and cryogenic target (see also [29] ), the same UCN detector, and the UCN guide system with only minor modifications. The relevant changes in the setup as compared to [18] were the use of a velocity selector (VS) [30] working in air in front of the target cryostat and a time-of-flight (TOF) system for CN behind the first UCN mirror. Depending on the specific settings of the VS (rotation frequency and tilt angle), velocity resolutions of about 20%, measured with neutron TOF (1%-5% resolution), were achieved. The corresponding energy spectra for the selected bins are displayed in Fig. 2 . After passing a 38 mm aperture and a 125 m Zr vacuum window, CN from the FUNSPIN beam entered the 40 mm long 2 H 2 target. Downstream of the target, a UCN guide system (Ni coated stainless steel and Be coated glass) was mounted in which after roughly 0.6 m a first mirror separated UCN (and some very cold neutrons; see [18] ) from the CN beam by reflecting them upwards. The UCN were again reflected by 90 by a second mirror at about 1 m height into a horizontal guide section perpendicular to the axis of the incident beam; this helped to further filter the UCN spectrum [27] and reduced beam induced background in the detector system. UCN passed the 1.4 m long horizontal section and fell by about 1 m into a well shielded 3 He gas detector. In order to reach the TOF system, CN passed through the UCN mirror (100 m Al with diamondlike carbon coating), a 10 mm hole in the attached 6 LiF beam dump, and a 100 m Al vacuum exit window. The TOF system had a total flight path of 2830 mm and consisted of a one-disk-one-slit chopper (operated in air at 25 Hz and about 1=300 open to close ratio), a flight tube flushed with He to reduce neutron losses (2.5 m length, 16 m Al entrance and exit windows), and a ''thin'' CN detector (the same as used in [28] ). ''Thin'' refers to a small amount of 3 He in the counting gas, which should result in a 1=v dependence of the detector efficiency on CN velocity v. The TOF system was used to monitor the CN beam intensity and spectrum. It also allowed measurement of the energy dependent CN attenuation for various target conditions from which one can 
FIG. 2 (color online)
. Detector efficiency and proton beam charge corrected CN spectra at FUNSPIN. The three full range spectra were measured without velocity selector (VS) and show the transmission of the empty target (solid black line) and for two different 2 H 2 crystals at 8 K; the Bragg cutoff is at 2 meV; transmissions differ due to different crystallite orientations. The other energy distributions were obtained for various VS settings and normalized as the other spectra. The CN flux was measured with Au foil activation and is 4:6 0:5 10 7 cm ÿ2 mA ÿ1 s ÿ1 for the full spectrum. For the shaded spectra at 1.4 meV and 6.3 meV the measured flux is 1:7 0:2 10 6 cm ÿ2 mA ÿ1 s ÿ1 and 4:4 0:4 10 6 cm ÿ2 mA ÿ1 s ÿ1 , respectively. calculate total scattering cross sections. Figure 2 shows CN spectra (without VS and normalized to the same proton charge) for the empty target cell and for two different 2 H 2 crystals, frozen from the liquid phase and cooled to 8 K.
While the CN detector continuously monitored relative changes in the CN flux, an absolute calibration of the flux was performed using standard gold foil activation in front of the target for a given proton beam charge on SINQ. The gold foils, of diameter 20 mm, were centered on the beam axis. The gold activity was measured on a calibrated HpGe detector system a few days later. Because of scheduling issues the activation time had to be rather short, resulting in low activities and about 10% uncertainties. The expected 1=v dependence for detector efficiency was confirmed by comparing, for the same VS settings and empty target cell, gold foil activation and count rates in the CN detector. The homogenous illumination of the target at different VS settings has been checked by measuring CN beam profiles over the accepted beam spot by Cu foil activation and subsequent readout with imaging plates.
Having calibrated the CN detector, the next aim is to normalize the UCN production to the CN flux. Because of the good agreement between the recent measurement [18] and the theoretical expectation [11] for the energy integrated production cross section, one can here allow for an overall scale factor (different for gas and solid) for UCN transport and detection efficiencies. This is straightforward for the gas target: CN interactions in the low density target are homogenously distributed along the axis and, thus, the UCN extraction from the target is independent of CN energy and only statistical uncertainties apply for the gas cross sections.
The situation is more complex for solid 2 H 2 ; the shape of the UCN energy spectrum at the instant of production does not depend on CN energy, but the spatial distribution of CN interactions and, thus, of the UCN production does; this leads to a CN energy dependent UCN extraction efficiency. Relative energy dependent corrections have been determined by modeling the UCN extraction from the target cell, starting the UCN according to calculated axial CN flux distributions, which are consistent with the measured CN transmissions (the average of the two ''without VS'' results, shown in Fig. 2 ). The variation of the measured transmissions for different crystals causes the dominant uncertainty in the modeling, and makes a significant contribution to the cross section error. The relative energy dependent corrections are included in Fig. 2 . The overall, absolute efficiency for extracting, transporting, and detecting produced UCN is of the order of 0.003 for the setup [18] ; however, it does not affect the present analysis: we here use calculated cross sections for normalization and compare the shape of the CN energy dependence of measured data and theoretical calculation (see below).
The typical background at the UCN detection system without proton beam to SINQ was less than 0:003 s ÿ1 .
With
both UCN shutters closed. Within statistics, this rate was independent of VS settings and not affected by small variations in the proton beam current as this was very stable during data taking, 1252 3 A. Typical UCN count rates with UCN shutters open were in the region 0.01 to 0:06 s ÿ1 . UCN production cross sections were extracted from the measured UCN rates (corrected for background) and normalized to the CN flux as corrected for extraction efficiency. A final normalization was performed in which a constant factor that minimized the mean square deviation between the cross section model and the measured results was applied to the data. The cross section values are shown in Fig. 3 for gaseous ortho 2 H 2 (c o 0:98, prepared and analyzed as in [29] ) at 25 K and a pressure of 0.12 MPa and in Fig. 4 for solid ortho 2 H 2 at 8 K (in equilibrium with its saturated vapor pressure in the gas system above the target). For each data point the normalized velocity-selected CN spectrum is displayed on the CN energy axis. Along with the data, the model calculations are shown as a continuous function of CN energy (black line) and averaged over the velocity-selected CN spectra (red squares), respectively.
For the gas measurement the fit of the 8 data points to the Y-K model results in 2 8:54 for 7 degrees of freedom ( velocity component, there will always be more molecules available to downscatter CN of lower energy.
The fit of the data of solid 2 H 2 to the simple Debye model results in 2 9:73 for 7 degrees of freedom ( 2 red 1:39). Qualitatively one again understands that the energy dependence follows the final state density of the phonons in the solid. Interestingly, the fit gets considerably worse when using the ''more realistic'' phonon density of states of [11, 25] . It is, however, difficult to draw final conclusions from this discrepancy because of some systematic issues that are difficult to estimate, particularly differences between the crystals in the Bragg region (see Fig. 2 ) and also the validity of the incoherent approximation for Eq. (1). Nevertheless, we would like to emphasize the good agreement of the data and the Debye model in Fig. 4 . In particular, the UCN production above 10 meV provides strong evidence for two-and threephonon contributions [31] .
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